ABSTRACT. To study luteal function in the late gestational period of Phocidae (seals), we analyzed the localization of steroidogenic enzymes (P450scc, 3βHSD and P450arom) and prolactin receptors in the corpora lutea of pregnant spotted seals (Larga seal; Phoca largha) immunohistochemically. P450scc, 3βHSD and prolactin receptors were present in all luteal cells of each corpus luteum, and most luteal cells were immunostained for P450arom. Although we analyzed only two specimens, P450scc, 3βHSD and prolactin receptors were negatively immunostained in the placentae. P450arom was present in the syncytiotrophoblast of placentae. These findings suggest that 1) the corpus luteum of the spotted seal synthesizes pregnenolone, progesterone and estrogen during late gestational period, 2) the placenta of this species do not possess the capacity to synthesize progesterone, and 3) like other terrestrial carnivores, this species requires prolactin to maintain the corpus luteum during pregnancy. These characteristics support the recent classification of family Phocidae in the order Carnivora, and suggest a relationship between prolactin and reproductive failure during the post-implantation period in pinnipeds. KEY WORDS: corpus luteum, late pregnancy, prolactin receptor, spotted seal, steroidogenic enzyme.
The spotted, or Larga seal (Phoca largha) is the most popular seal in Japan due to the large numbers in captivity [7] . The captive breeding of spotted seals has been so successful that breeding controls are required in some aquariums [Oike, pers. comm.]. In contrast, free-ranging spotted seals can only be seen around the coast of Hokkaido, Japan, with the exception of some wandering cases to the south [17, 20] . This species is originally distributed throughout the Bering Sea, Chukchi Sea, the Arctic coast of Alaska, the Okhotsk Sea as far south as Hokkaido, the northern Sea of Japan, the Po Hai Sea and the northwest Yellow Sea [14, 15] . The spotted seal lives along the coasts in summer and along the pack ice in winter [14] . Pups are born on ice floes in late March in the southern Okhotsk Sea [15, 18, 21, 22] . Lactation lasts 3-4 weeks, and mating occurs shortly after weaning [2, 21] . The total period of gestation is therefore 11 months, including a few months of delayed implantation [1] .
The spotted seal belongs to the family Phocidae, the suborder Caniformia, the order Carnivora [24] . Our previous report described the corpus luteum as the principal source of progesterone during the entire gestational period in the ribbon seal (Phoca fasciata) and the Steller sea lion (Eumetopias jubatus), as well as in some terrestrial carnivores [13] . However, whether this endocrinological characteristic is a common feature among other Phocid species such as the spotted seal is unclear. The aim of this study was to resolve this question using an immunohistochemical method.
MATERIALS AND METHODS
Ovaries were collected from 10 pregnant spotted seals, and the placentae were obtained from two of those seals. The seals were shot legally by hunters as part of nuisance control activities between late February and mid-March in the Nemuro Strait (about 44° 01'N, 145° 12'E), Hokkaido, Japan. Each of the 10 seals had a corpus luteum in one side ovary. Further data on each individual are shown in Table  1 . The age of each animal was determined by examination of cementum annuli in the canine teeth [8, 17] .
Ovaries and placentae were fixed and preserved in 10% formalin. After fixation, specimens were dehydrated in an ethanol series and embedded in paraffin. Thin sections, 5 µm thick, were mounted on silane-coated glass slides (Matsunami, Tokyo, Japan).
Immunohistochemical staining was performed to detect the expression of steroidogenic enzymes and prolactin receptors. The sections were deparaffinized with xylene and incubated for 15 min in methanol containing 3% H 2 O 2 to block endogenous peroxidase. Specimens were then washed in 0.01 M phosphate-buffered saline (PBS) for 10 min and treated with 10% normal goat serum in PBS (for immunostaining steroidogenic enzymes) or 10% normal rabbit serum in PBS (for immunostaining prolactin receptors) for 10 min, to reduce the background. Sections were treated with one of the following primary antibodies for 16-18 hr at 4°C : polyclonal antiserum raised in rabbits against rat adrenal cholesterol side-chain cleavage cytochrome P450 (P450scc) (1:200; CHEMICON, Temecula, CA, U.S.A.) [26] , polyclonal antiserum raised in rabbits against recombinant mouse type-1 3β-hydroxysteroid dehydrogenase (3βHSD) (1:1,000; prepared in the Royal Infirmary of Edinburgh NHS Trust), polyclonal antiserum raised in rabbits against human placental aromatase cytochrome P450 (P450arom) (1:200) [9] and monoclonal antibody raised in mice against purified rat liver prolactin receptor (clone: U5, 5 µg/mL; Affinity BioReagents, Inc., Golden, Co, U.S.A.) [23] . Immunolocalization was demonstrated by the streptavidin-biotin immunoperoxidase method using the Histofine kit (Nichirei Co., Tokyo, Japan). After final washing in PBS, sections were stained with diaminobenzidine solution (Histofine Simple Stain DAB solution, Nichirei). Control sections for steroidogenic enzymes were treated with the same concentration of normal rabbit serum (Nichirei) instead of the primary antiserum, while control sections for prolactin receptors were treated with PBS. Finally, sections were counterstained using Mayer's hematoxylin solution (Wako Pure Chemical, Osaka, Japan) and sealed under coverslips (Matsunami).
RESULTS
P450scc, 3βHSD and prolactin receptors were present in all luteal cells of all spotted seal specimens, irrespective of the dates of death (Figs. 1a, b, c) . In addition, most luteal cells were positively immunostained for P450arom. The entire cytoplasm of each luteal cell was positively immunostained for P450scc, 3βHSD, P450arom and prolactin receptors. Control sections were negatively stained except for counterstaining of nuclei by hematoxylin (Fig. 1d) .
In the placentae, P450scc, 3βHSD and prolactin receptors were negatively immunostained (Fig. 1e) . In contrast, P450arom was present in the syncytiotrophoblast of placentae (Fig. 1f) .
DISCUSSION
This study demonstrated that the cytoplasm of all luteal cells in spotted seals contained P450scc and 3βHSD during the late gestational period, including just before the pupping season. These findings suggest that the corpora lutea of spotted seals synthesize progesterone from cholesterol using these two steroidogenic enzymes in late pregnancy. In addition, corpora lutea appear capable of synthesizing estrogen, as most of the cytoplasm of luteal cells contained P450arom.
Although we examined only two specimens, only P450arom seems positively immunostained in placentae. This finding suggests that the placenta of the spotted seal is not capable of synthesizing progesterone during the late gestational period, although it is capable of synthesizing estrogen.
The findings described above strongly suggest that the corpora lutea of the spotted seal are a principal source of progesterone during the entire gestational period, as is the case with the corpora lutea of the ribbon seal (Phoca fasciata) and the Steller sea lion (Eumetopias jubatus) [13] . These endocrinological characteristics of pinniped corpora lutea are similar to those of some terrestrial carnivores such as the dog [5, 16] , mink [6] and Japanese black bear [27] . The recent classification of pinnipeds in the suborder Caniformia, the order Carnivora based on morphological and molecular studies [24] is therefore supported by the reproductive endocrinological features.
Earlier researchers reported secretory activities in the placentae of several seal species [10] [11] [12] and presumed placental production of progesterone [3] . However, our previous [13] and present studies support placental production of estrogen rather than progesterone. On the other hand, placental production of chorionic gonadotropin has been reported [11, 12] . The secretory activities in syncytiotrophoblasts of placentae in the seal species described by Harrison and Young [10] are therefore presumably derived from the secretion of estrogen and/or chorionic gonadotropin. The presence of estrogen synthesized in luteal cells and the placenta during pregnancy may contribute to the synthesis or availability of intracellular progesterone receptors [5] , whereas placental chorionic gonadotropin is believed to be essential for the maintenance of pregnant corpus luteum [25] . The placental chorionic gonadotropin of the grey seal (Halichoerus grypus) possesses biological activity similar to that of human chorionic gonadotropin (hCG), which has LH-like activity [11, 12] . In the dog and mink, luteinizing hormone (LH) and prolactin are necessary for maintenance of the corpus luteum during post-implantation gestation. A rapid decline in progesterone can thus be induced by anti-LH serum or by the dopamine agonist bromocriptine (an inhibitor of prolactin secretion) [4, 6, 19] . In addition, termination of pregnancy in dogs has been induced by bromocriptine administration [4] . As mentioned above, the endocrinological characteristics of spotted seal corpora lutea are similar to those of terrestrial carnivores. In addition, immunolocalization of prolactin receptors in the corpora lutea of spotted seals was confirmed in this study. Therefore, the corpus luteum of the spotted seal seems likely to requires prolactin, LH and/or chorionic gonadotropin, for self-maintenance. If so, concentrations of these hormones are possibly immediate factors in reproductive failure during the post-implantation period. From another perspective, bromocriptine is possibly applicable to reproductive control in captive female spotted seals by inducing luteolysis, as is the case in dogs [4] . Further studies concerning efficacy, adverse effects, repeatability, dosage and timing of administration of bromocriptine in this species, need to be addressed.
